We have developed a new aerosol retrieval technique based on combing high-resolution A band spectra with lidar profiles. Our goal is the development of a technique to retrieve aerosol absorption, one of the critical parameters affecting the global radiation budget and one which is currently poorly constrained by satellite measurements. Our approach relies on two key factors: 1) the use of high spectral resolution (17,000:1) measurements which resolve the Aband line structure, and 2) the use of co-located lidar profile measurements to constrain the vertical distribution of scatterers in the forward model. The algorithm has been developed to be applied to observations from the CALIPSO and OCO-2 satellites, flying in formation as part of the A-train constellation. We describe the approach and present simulated retrievals to illustrate performance potential.
INTRODUCTION
There has been interest for decades in remote sensing techniques based on the absorption of reflected sunlight within the oxygen A-band (OAB). Located near 765 nm with a spectral width of about 10 nm, Figure 1 shows the spectral variation in column oxygen optical depth based on line-by-line calculations. Much of the interest has been in the retrieval of cloud top pressure 1, 2 and several satellite sensors have been flown with relatively low resolution A-band channels 3, 4 . More recently, it has been recognized that spectrometers with spectral resolution sufficient to resolve the fine structure of the oxygen A band (~ 1 cm -1 ) offer additional retrieval capabilities 5, 6 . With the launch of the OCO-2 satellite in 2014, we now have such a high spectral resolution spectrometer in orbit 7 . Absorption by atmospheric aerosols is an important factor impacting Earth's radiation budget but is not currently constrained very well by satellite observations. Stephens and Heidinger 6 explored the use of high spectral resolution oxygen A band radiances to retrieve cloud properties. We have adopted a similar approach in developing a technique to retrieve aerosol properties from high resolution A band radiances. The key to our retrieval is a spectral resolution on the order of 1 cm -1 (0.05 nm) or better, which is sufficient to resolve the rotational structure of the oxygen A-band A -band weighting functions absorption lines. At this spectral resolution, oxygen optical depth at the centers of the stronger lines is high enough to largely suppress light scattered from the Earth's surface (Fig. 2) . Combining continuum (non-absorbing) channels with weakly absorbing and strongly absorbing channels allows the separation of surface and atmospheric scattering. The second key aspect is that spectrally resolved A band radiances contain information on photon path length 5, 6 . For optically thin aerosol layers dominated by single scattering, the continuum aerosol signal is proportional to the product of aerosol optical depth (AOD) and single scatter albedo (SSA). As optical depth increases, multiple scattering modifies the path length distribution of the scattered photons which modifies the shape of the measured A band spectra in a way that depends separately on the AOD and SSA. Thus, A band spectra offer a means of separation surface and atmospheric scattering, and separately retrieving aerosol optical depth and single scattering albedo. Because the separation of aerosol optical depth and SSA depends on multiple scattering and, the ability to retrieve SSA improves as the underlying surface becomes brighter. Oxygen A-band signals are sensitive primarily to six parameters: pressure height and thickness of the scattering layer, surface albedo, and optical depth, asymmetry parameter, and absorption of the scattering layer. However, information content analysis shows that only a few independent parameters can be derived 8 . From retrieval simulations we have found that using lidar profiles to characterize the aerosol vertical distribution in the A band forward model provides a powerful constraint to improve the retrieval accuracy. OCO-2 is now flying in the A-train constellation and is currently being maneuvered into formation with the CALIPSO satellite 9 so that the CALIOP lidar footprint will overlap the OCO-2 swath. This will allow the lidar profiles to be used to constrain the forward model used in the A band retrieval and also to provide cloud screening.
RETRIEVAL METHOD
Our retrieval is based on the optimal estimation approach of Rodgers 10 where aerosol properties as well as surface albedo are retrieved via minimization of a cost function . The forward model consists of three parts: a solar spectral irradiance model, the atmospheric state structure and instrument response function, and a vector radiative transfer (VRT) model. In our formulation, the lidar information is incorporated as a vector of profile measurements. The atmospheric state structure includes vertical profiles of molecular volume mixing ratio, aerosol model and number densities, and surface reflection. The OCO-2 ABSorption COefficient (ABSCO) tables maintained at JPL are used in the forward model to calculate the gas absorption coefficients 11 . To improve the realism of the simulations, we have incorporated characteristics of the OCO-2 instrument including spectral response function, signal-to-noise ratio, and polarization response.
The cost function is defined as:
where: The three parameters in the vector of retrieved properties are: aerosol optical depth , single scatter albedo o, and surface reflectance albedo sfc. In practice, CALIOP level 2 aerosol profile data will be used to initialize the aerosol vertical distribution. For the simulations reported here, the aerosol concentration is assumed to decrease exponentially with altitude from the surface to about 5 km and is roughly constant at higher altitudes up to the troposphere. The forward models also contains a stratospheric aerosol mode. The atmosphere is discretized into 33 layers and the aerosol extinction profile at these altitude levels is interpolated from the CALIOP level 2 aerosol profile data. Constraints on aerosol type are derived from CALIOP depolarization ratio and color ratio values 12 .
The aerosol profile, molecular number density, surface reflection, and the high resolution absorption cross section constitute the state structure for the forward model. At this preliminary stage we assume that the aerosol absorption and scattering properties and surface reflectance do not vary within the A band. For each spectral line, the state structure is input to the VRT model to calculate the monochromatic vector reflectance rI() rQ() rU() and rV(), where the subscripts I, Q, U, V stand for the four Stokes components.
The VRT model used here is the Successive Order of Scattering (SOS) method that has been proven to be efficient and accurate 13, 14 . To cover the whole A band spectrum with a fine grid of 0.01 cm -1 , a total number of 25000 spectral lines are simulated. To increase the efficiency, we have parallelized the forward model to be run on a multicore or supercomputing system. The radiance Li at the i th OCO-2 OAB channel is then given by:
where SRFi is the spectral response function of the i th OCO-2 oxygen A band channel determined through pre-flight spectral calibration, and I
() = rI()F(), Q() = rQ()F(), U() = rU()F(), and V() = rV()F()
are the Stokes parameters at the top of the atmosphere.
RETRIEVAL SIMULATIONS
In order to test our aerosol retrieval algorithm, we have used the forward model to generate a set of 1200 synthetic spectral radiance data. Values of aerosol optical depth, , single scatter albedo, a , and surface albedo, sfc, are selected randomly within the following ranges for each of the 1200 cases: The parameter space explored in the simulations is illustrated in Figure 3 . The full set of simulations covers the range 0 <  < 0.2, but SSA retrievals perform poorly in this range. Therefore we will focus here on simulations where > 0.2. The range of surface albedo corresponds to above vegetated surfaces. Pressure and temperature profiles are taken from the US standard atmosphere. The set of synthetic radiance data is then input to the retrieval algorithm to test the feasibility of the aerosol absorption retrieval with the combined CALIOP and OCO-2 measurements. Figure 3 . Parameter space explored in the simulations.
In the retrieval we assume we have an initial estimate of AOD and surface albedo but no a priori information on SSA.
The initial state vector is set to xa = (log 1 A least squares fitting algorithm calls the forward model iteratively to fit the measurement vector y by adjusting the state vector x. In order to increase the efficiency and preserve the performance, we selectively use just a few of the A band spectrometer channels to perform the retrieval. Specifically, a total number Ns of try,i (i = 1,2, …, Ns) values are created. max = 4 is the maximum value of the oxygen column absorption optical depth used in the retrieval. For each value of try,i we search to find a channel whose averaged oxygen absorption optical depth i is closest to try,i. The least squares fitting algorithm then fits the forward model simulations only to the measurements at these Ns channels to retrieve aerosol properties. At each channel SRFi is used to determine a number of spectral lines to be solved by the VRT model in order to evaluate the measured radiance of Eq. (2). Figure 4 shows the retrieved state vector parameters (i.e., the AOD, SSA, and surface albedo) in comparison with the true input parameters of the synthetic dataset. Each dot represents a successful retrieval. One advantage of the optimal estimation approach is that the cost function provides a metric of the quality of the retrieval. We refer to the magnitude of the cost function at the end of the retrieval process as the flag value, which in principle is only constrained to be a positive number. Extremely large flag values indicate a failure of the retrieval to converge and these are easily rejected. For retrievals which converge, the magnitude of the cost function is related to the accuracy of the retrieval and can be used to select better retrievals and reject poorer retrievals. Figure 4 shows the results from simulated retrievals with flag values less than 1. This set consists of 300 of the 964 simulations with AOD greater than 0.2. The good consistency between true values and retrievals is due in part to the use of the cost function to reject outliers. Table 1 compares mean bias and standard deviations of the retrieved parameters as a function of the threshold flag value. Biases are seen to be very small. Standard deviation of AOD retrievals with flag values greater than 1 is larger than desired. This appears to be due to a weakness in the ability of the current iteration scheme to locate the global minimum and we hope to improve this. Requirements of ±0.02 accuracy in AOD and ±0.03 accuracy in SSA have been identified as necessary to 
SUMMARY AND PROSPECTS
An optimal estimation retrieval for aerosol and surface properties has been developed based on high spectral resolution oxygen A band radiances and lidar profiles. The algorithm has been tested on simulated data incorporating characteristics of the OCO-2 OAB spectrometer, including realistic SNR and spectral response functions. Initial results from performance simulations are very encouraging, showing the potential to simultaneously retrieve accurate aerosol optical depth and surface albedo, and to retrieve aerosol absorption accurately enough to reduce current uncertainties in aerosol radiative forcing. The algorithm will be further refined to attempt to improve the convergence of the estimation.
Much work remains in applying the algorithm to real observations. Several versions of OCO-2 Level 1 radiance data have been released to date. Initial data products exhibited a number of instrument artifacts, but data quality and calibration accuracy are being rapidly improved by the OCO-2 team. Our retrieval requires co-location of lidar profiles and A band radiances. The OCO-2 satellite has been flying in the A-train constellation since last year, but only recently has moved into formation with CALIPSO to overlap the CALIOP footprint. We look forward to obtaining co-located data and testing the retrieval on real observations.
